The level and pattern of rhizosphere competence of a strain of Trichoderma harzianum (1295-22) derived from fusing protoplasts of auxotrophic mutants of the prototrophic strains T12 and T95 were studied and compared with those of the original strains. Colonization of the rhizosphere by the three strains was tested after treating seeds of cotton and maize with conidia and planting them in soil at a constant moisture content. Propagules of the fungi were removed by a washing technique, Trichoderma spp. were isolated by plating serial dilutions on a selective medium, and individual strains were identified by their characteristic growth on differential media. Both strains T12 and T95 colonized the entire length of maize roots, but strain 1295-22 was more effective in colonizing the middle sections of the roots than either parental strain. All strains colonized cotton roots more poorly than maize roots; strains T12 and T95 were not detected on some root segments of this crop. Strain T95 was, however, found on the root tip, while T12 was absent from this root portion. Conversely, strain 1295-22 colonized all root sections of this crop, and its population levels were higher in the middle root portions than those of either parental strain.
Introduction
Rhizosphere competence enables micro-organisms to proliferate and establish along the developing rhizosphere following seed treatments (Ahmad & Baker, 1987a; Burr et al., 1978; Chao et al., 1986; Elliott Juhnke et al., 1987; Sivan & Chet, 1989) . Seed treatments with beneficial micro-organisms are an attractive way to apply microbial antagonists. The ability of such microorganisms to colonize the rhizosphere may be crucial for optimal expression of their biological activity (Schmidt, 1979) .
Trichoderma spp. have probably been more thoroughly studied than any other fungal antagonists (Papavizas, 1985; Chet, 1987; Harman, 1990) . Rhizosphere competence has been identified only recently in this genus (Papavizas, 1982; Chao et al., 1986; Ahmad & Baker, 1987a) and has been demonstrated only in benomyltolerant mutants (Ahmad & Baker, 1988) and one wild strain (Sivan & Chet, 1989) .
Rhizosphere competence can be induced in wild t (Stasz et al., 1988) exhibited better biocontrol activity and more effectively colonized the rhizosphere of several crops than did the strains from which they were derived . Abstracts of this work have appeared elsewhere , 1990 .
The objective of this study was to compare the rhizosphere competence of a strain derived from protoplast fusion relative to those of the parental strains. The level and pattern of colonization of both the rhizosphere soil and rhizoplane were determined for a dicotyledonous and a monocotyledonous crop plant.
Methods
Fungal strains. Two strains of Trichoderma harzianum Rifai served as parental strains : T95 (ATCC 60850), which is a benomyl-resistant and rhizosphere-competent mutant (Ahmad & Baker, 1987a ) that controls Pythium ultimum (Ahmad & Baker, 1988) ; and T12 (ATCC 20737), which has been used as a biological seed and seedling rot protectant against several pathogens (Hadar et al., 1984; Harman et al., 1989) . Protoplasts of lysine-and histidine-auxotrophic mutants of T95 and T12, respectively (Stasz et al., 1988) , were fused and a strain was selected and found to be a better biocontrol agent than either prototrophic parent strain . Strain 1295-22 was A . Sivan and G . E . Harman prototrophic, grew more rapidly than the parental strains, and was stable through many cell cycles. The sensitivity to benomyl and the isoenzyme electrophoretic pattern of this strain were identical to those of T12 . All strains were cultured on a potato dextrose agar medium (PDA; Difco) at 25 "C.
Test crops. Cotton (Gossypium sp. L. cv. 'Deltapine 61') and maize (Zea mays L. cv. 'Jubilee') were utilized to represent dicotyledonous and monocotyledonous crops, respectively.
Seed treatments. Conidial suspensions were obtained from cultures grown on PDA by scraping conidia from the agar surface with a spatula and suspending them in sterile water. The suspensions were filtered through four layers of sterile lens paper to remove hyphal debris. The conidial concentration was adjusted to 1-4 x lo9 conidia ml-* . Pelgel (The Nitragin Co. Milwaukee, WI, USA) was added at a concentration of 10% (w/v) as an adhesive (Harman et al., 1981) .
Seeds were treated by applying 1 ml of the conidial suspension to 7.8 and 10.5 g seeds of cotton and maize, respectively. This treatment resulted in 1-2 x lo6 and 2-3 x lo6 colony-forming units (c.f.u.) per seed of cotton and maize, respectively. The viable T. harzianum population on treated seeds was determined by shaking 1 g treated seeds in 25 ml sterile water amended with 100 pl alkylaryl polyether alcohol (Triton X-100; J. T. Baker Chemical Co.) from which serial dilutions were plated on a Trichoderma selective medium (TSM) Soil. An Arkport fine sandy loam of pH 7.3 was used. Its nutritional composition was reported by Hubbard et al. (1983) . The moisture content was adjusted to -70 mbar (14% moisture content).
Rhizosphere competence assay. The rhizosphere soil and rhizoplane colonization pattern and level obtained by T. harzianum strains, following their application as seed treatments, was tested using methods developed by Scher et al. (1984) as modified by Ahmad & Baker (1987~) and Sivan & Chet (1989) . Two longitudinal halves of 25 cm long polyvinylchloride pipes (2.2 cm in diameter) were secured with rubber bands to form a column and filled with soil. The soil columns were tapped in order to compact the soil and generate a uniform column ending 1 cm below the rim of the pipe. One seed was placed at the top of each soil column. Twenty columns of each treatment were vertically placed in a plastic box containing soil at the same moisture content. In order to avoid the need for irrigation during incubation and the subsequent passive movement of propagules from the seed to lower portions of the rhizosphere (Chao et al., 1986; Sivan & Chet, 1989) , the box with the tubes was placed in a transparent plastic bag to maintain constant soil moisture content. The boxes were incubated in a growth chamber at 25 "C with 12 h of light per day. Soil columns with maize and cotton were incubated for 7 and 8 d , respectively, at which time the roots of the most rapidly growing seedlings of each crop had reached the bottom of the soil columns.
After incubation, the tubes were removed from the box and their two halves were carefully separated. Roots were removed from the soil and measured. Six roots with a similar length were selected and cut into 2 cm segments, starting 2 cm above the seed. The scalpel used to cut roots was flamed between cuts to avoid transfer of inoculum from one segment to another. Comparable segments from replicate plants were transferred to 250 ml Erlenymeyer flasks containing 40 ml tap water and shaken vigorously for 1 min to remove the rhizosphere soil. The washed root segments and the hypocotyls were transferred to a second set of flasks containing 40 ml tap water amended with 200 pl Triton X-100. Flasks containing the soil, as well as those containing the root segments, were then shaken on a rotary shaker for 1 h at 450 r.p.m. to suspend propagules of Trichoderma from the rhizosphere soil and rhizoplane, respectively. The suspensions from all flasks were transferred to 50 ml tubes (Becton-Dickinson) and centrifuged at 4 "C for 10min at 1600g in order to concentrate the propagules. The supernatant was discarded and the pellets were resuspended in 1 ml sterile tap water; serial dilutions were done and these plated on TSM.
The dry weight of root segments and the corresponding rhizosphere soil was determined after drying the samples at 70 "C until no further change in weight was recorded (20-24 h). Population density of Trichoderma in rhizosphere soil or rhizoplane was expressed as c.f.u. per g dry weight of rhizosphere soil or root segments, respectively, and presented as the log,, of that number. In order to determine the colonization level of the hypocotyl by T . harzianum strains the procedure described above for assessing the rhizoplane colonization was carried out on the first 2cm hypocotyl segment.
In an additional experiment, aimed at comparing more closely the level of colonization of the root tip region among the tested strains, cotton and maize plants were grown as described above. In previous studies, particularly large differences were found in the level of colonization of this plant part when rhizosphere-competent and -noncompetent strains were compared (Ahmad & Baker, 1987~) . Plants with similar root lengths were selected and three 2 cm root segments were cut starting from the root tip. The segments, including the adhering soil, were shaken in 20 ml tap water amended with 100 p1 Triton X-100 and the population density was determined as above and expressed as log,, [c.f.u. (g dry wt)-I] of roots including the adhering rhizosphere soil. This experiment was comprised of four replicates of three plants each.
ConJirmation of identity of rhizosphere-competent Trichoderma spp.
Since all the experiments were performed in a natural field soil it was necessary to distinguish between rhizosphere soil and rhizoplane populations originating from the strains applied to seeds and those resulting from the natural soil population of Trichoderma. Therefore, in all experiments Trichoderma colonies were transferred from TSM to additional selective media and the frequency of T. harzianum strains similar to those applied to seeds was calculated. T. harzianum strain T95, which is resistant to benomyl, was transferred to PDA amended with 20 pg ml-I (a.i.) of methyl l-(butylcarbamoyl)-2-benzimidazolecarbamate (Benlate 50% a.i.; E. I. duPont Nemours Inc.). Native strains of Trichoderma usually will not tolerate concentrations greater than 3 pg m1-I. A second medium [CCNS; containing (g per litre of PDA): chlorotetracycline, 0.1 ; cycloheximide, 0.1 ; nystatin, 0-02; and streptomycin sulphate, 0.11 was similarly used to distinguish between TI 2, 1295-22 and contaminant Trichoderma spp. Most Trichoderma spp. grow poorly on this medium. On this medium strain T12 can readily be distinguished from 1295-22 on the basis of colony morphology and sporulation .
Reproducibility. All experiments were carried out twice.
Growth of maize and cotton in soil columns
The average root elongation rate of maize was greater than that of cotton. In order to obtain sufficient numbers of plants of both crops with similar root lengths, cotton plants were grown for 7 d and maize for 8 d. All three T. harzianum strains increased the root elongation rate of both crops compared with that of the non-treated controls. Seed treatment with the protoplast fusion progeny 1295-22 resulted in the longest roots in both crops (Table 1) .
Rhizosphere colonization pattern of T. harzianum strains
When non-treated seeds were sown in the soil columns, Trichoderma spp. could be isolated from the rhizosphere soil of only very few root segments (Figs 1 a, 2a) . None of the isolated colonies could grow on PDA amended with benomyl(20 pg ml-l; a.i.); however, some of them grew on CCNS and were similar in morphology to the parental strain T12. Strain T12 was originally isolated from a similar soil (Hadar et al., 1984) so this result is not surprising. None of the colonies were similar to 1295-22. In general, the maize rhizosphere was better colonized, than that of cotton (Figs 1 and 2, Table 2 ). Differences in patterns of colonization of roots by the three strains seemed to be most pronounced when specific regions, i.e. the upper 6cm, the lower 4cm, and the remaining middle portions, were considered (Figs 1 and 2) . Therefore, values for these regions for each strain were combined across two experiments; the results are presented in Table 2 . The greatest population densities of all strains tended to be on the upper portions of the roots, but differences in densities for specific strains along roots were not significant in 7 of the 12 root locationfungal strain combinations studied. Strain T95 was present at lower levels than strains T12 or 1295-22 on the upper root portions of cotton (Table 2 , Fig. 2 ). Strains T95 and T12 were less effective than 1295-22 in colonizing the middle portions of roots. However, on the maize rhizosphere there were no significant differences between the three strains, even though the level of 1295-22 was about tenfold that of the parental strains (Table 2 , Figs 1 and 2) . No significant differences between strains were detected on the lower root regions of either crop (Table 2 ). However, T95 was present at tenfold higher levels on the lower than on the middle rhizosphere of maize, and T12 was not detected on lower regions of cotton (Table 2 , Fig. 2 ). The hypocotyl of maize and cotton was colonized by all three strains. In both crops (except T12 on cotton) the population density level of this plant portion was similar to or higher than that obtained from the rhizoplane or from the rhizosphere soil (Figs 1 and 2) . 
Colonization of the root tip region by T . harzianum strains
Maize root tips were colonized similarly by all strains tested. However, the adjacent 4 cm of the root showed a decline in the population density levels of T12; this decline was not observed for the other two strains. The colonization level along various portions of the root by strain 1295-22 was similar to, but higher than, that of the parental strains (Fig. 3 a) . Conversely, no distinct difference in the level of root tip colonization of cotton could be observed among the tested strains (Fig. 3b) .
Discussion
Protoplast fusion was effective in inducing rhizosphere competence in Trichoderma harzianum. This attribute has also been induced by mutation (Ahmad & Baker, 1987a) and was recently demonstrated in a wild strain of T. harzianum (Sivan & Chet, 1989) .
Rhizosphere competence of beneficial microorganisms applied to seeds results in secondary deployment of these bioprotectants along the root (Harman, 1990) . Thus, proliferation and colonization of the developing roots by T . harzianum may prevent root infection by root-rot and wilt pathogens (Sivan et al., 1987; Sivan & Chet, 1989) ; in soil heavily infested with Pythium ultimum, roots of cucumber seedlings derived from seeds treated with strain 1295-22 were larger than those produced from seeds treated with T12 or T95 .
Previous reports indicated that rhizosphere-competent strains of T. harzianum, including strain T95, colonize the rhizosphere in a 'C' shaped pattern, with higher establishment along the upper and lower portions of roots than in their central portions (Ahmad & Baker, 1987a, b ; Sivan & Chet, 1989) . In the present study, this pattern of colonization tended to occur with strain T95 on maize, although differences were not significant. On the other hand, population densities of the second parental strain, T12, which is not rhizosphere competent (Ahmad & Baker, 1988; Chao et al., 1986) , decreased with root depth on the rhizoplane of maize and the rhizosphere and rhizoplane of cotton, and was not detected on the lower root portions of cotton. The main improvement in rhizosphere colonization provided with 1295-22 was obtained along the middle portions of maize and cotton roots. A relatively high and uniform colonization pattern over the entire root length was obtained in both crops. Although population densities of all strains were, in general, lower on cotton roots than on those of maize, 1295-22 colonized more root segments than did the parental strains. Thus, its improved rhizosphere competence was not restricted to a single crop.
Substantial problems exist with methodology for quantitative and qualitative measurement of levels of root colonization by rhizosphere-competent fungi. Two general methods have been used: direct plating of root segments and dilution plating of washings from root segments, as used in this work and elsewhere (e.g. Ahmad & Baker, 1987a; Sivan & Chet, 1989) . Neither method is totally satisfactory. Direct plating of roots measures only the presence or absence of propagules, and provides no information on the quantity of fungus. Data obtained by dilution plating of root washings may be skewed if conidia are present, since a single conidiophore could provide many more propagules than a larger quantity of hyphal biomass. However, dilution plating may accurately portray quantities of rhizosphere-competent T . harzianum on roots. Ahmad & Baker (1987a) found that the total length of hyphae of the rhizoplane of roots roughly paralleled population densities as determined by dilution plating. Kleifeld & A . Sivan and G . E. Harman Chet (1990) , in microscopic observations, found hyphae, but no conidia, on roots following a soil treatment with a Trichoderma strain. In earlier studies with the same three strains used in this study, strain 1295-22 was found to be a colonist of a greater percentage of root segments of field-grown mature garden peas than either T95 or T12. Further, in experiments with cucumber seedlings in the presence of P . ultimum, seed treatment with 1295-22 provided greater root volumes than treatment with the other two strains, presumably due to greater protection of root systems against the pathogen (Harman et a!.,  1989) . These results are consistent with those in the present study indicating that strain 1295-22 is more strongly rhizosphere competent than either parental strain.
In order to proliferate along the roots, rhizospherecompetent strains must overcome competition imposed by the indigenous rhizosphere microflora (Chao et al., 1986) . The mechanism(s) of rhizosphere competence are still unclear. However, strain 1295-22 grows more rapidly than either parental strain at 25 "C or 1 1 "C. Further, A hmad & Baker (1 987 b) demonstrated a direct correlation between the cellulolytic activity of benomyl-tolerant mutants of T. harzianum (including T95) and their rhizosphere competence. These mutants were able to utilize different qualitative forms of cellulose and xylan (Ahmad & Baker, 1988) which are present on the rhizoplane of roots (Foster et al., 1983) . Another mechanism which may contribute to the successful colonization of the rhizosphere by certain strains could involve utilization of energy and nitrogen sources present in root exudates. Most of the nutrients are exuded from root portions close to the root tip and thekefore strains that are able to utilize these nutrients more efficiently than the indigenous rhizosphere microflora may have an ecological advantage. When compared with the parental strains, strain 1295-22 was better than T95 or TI2 in its ability to colonize the regions just above the root tip of maize but not of cotton (Fig. 3) . However, since the main improvement in the rhizosphere colonization obtained with 1295-22 on both crops was on the middle portion of the root, the contribution of root exudates to the improved rhizosphere competence of 1295-22 remains unclear.
The association of rhizosphere competence with biological control and increase in plant growth response has not yet been determined. In the present study, plants grown from seeds treated with strain 1295-22 produced longer roots than those grown from seeds treated with the parental strains. Strain 1295-22 also exhibited a significant improvement in the biological control of P. ultimum . However, more studies are needed in order to provide a better understanding of the mechanisms conferring rhizosphere competence and its possible relation to biological control and increased plant growth responses. Investigations on the genetic basis of improved rhizosphere competence of strain 1295-22 are under way.
